Abstract. Aceruloplasminemia is an interesting disease, the study of which helps elucidate how iron-induced oxidative stress is involved in neuronal cell death. In order to study the neuropathological characteristics associated with oxidative stress, we scrutinized the brains of 5 patients with aceruloplasminemia histopathologically and immunohistochemically. The pathological findings were essentially similar in all patients. In the frontal cortices, iron deposition and neuronal cell loss were trivial, but in the basal ganglia (especially in the caudate nucleus and putamen), severe iron overload and extensive neuronal loss were noted. Iron deposition was more prominent in the astrocytes than in the neurons in both regions. 4-hydroxynonenal (HNE), one of the most physiologically active lipid peroxides, was strongly detected on neurons and astrocytes by immunostaining. Markedly deformed astrocytes were observed in the striatum. These astrocytes were similar to Alzheimer type 1 astrocytes. Globular structures were seen in proportion to the degree of iron deposition. They clearly reacted with anti-glial fibrillary acidic protein (GFAP) and anti-S-100 antibodies and contained glial fibril-like filaments, but showed no or only faint immunoreactivity to antibodies for neuronal marker proteins, such as neurofilament and synaptophysin. Therefore, the globular structures presumably originated from astrocytes. The structures also reacted positively to anti-HNE and anti-ubiquitin antibodies. We conclude that astrocytic deformities and globular structures are characteristic neuropathological features of aceruloplasminemia and are closely linked to iron overload and subsequent oxidative stress.
INTRODUCTION
Ceruloplasmin is a copper-binding ferroxidase that is mainly produced by hepatocytes and that is secreted into serum. It oxidizes ferrous iron (Fe 2ϩ ) to ferric iron (Fe 3ϩ ) and can facilitate iron loading onto transferrin (1, 2) . In the brain, however, most of the ceruloplasmin is derived from astrocytes and is located on the surface of astrocytes as glycosylphosphatidylinositol-anchored form (3) . Aceruloplasminemia is a rare disorder of iron metabolism caused by mutations in the ceruloplasmin gene (4) . It is characterized clinically by adult-onset diabetes mellitus, retinal degeneration, and various neurologic symptoms (such as involuntary movements, cerebellar ataxia, and dementia). The clinical details of aceruloplasminemia, including laboratory and neuroradiological findings, have been reported (5-7). The neuropathological findings described in 2 patients are summarized as intracytoplasmic iron deposition and neuronal cell loss (6, 7) . The pathological changes are more remarkable in the basal ganglia than in the cerebral cortex (6, 7) . The precise pathogenesis of iron deposition in the brain has remained unclear, but there are several evidences that enhanced oxidative stress induced by excess iron causes neuronal cell death (8) (9) (10) .
Since free radicals attack glial cells as well as neurons (11) , glial dysfunction may contribute to neuronal cell death in addition to the direct effects of free radicals on neurons (12) . We have shown that glial fibrillary acidic protein (GFAP), a cytoskeletal protein specific to astrocytes, is greatly modified in this disease (10) . Based upon these results, aceruloplasminemia is a good model to investigate the involvement of iron-induced oxidative stress in brain damage.
In this study, we examined the brains of 5 patients with aceruloplasminemia in order to probe the neuropathological hallmarks of this disease that are tightly linked to enhanced oxidative stress. In particular, we focused on the structural changes of glial cells.
MATERIALS AND METHODS

Sample Preparations
Brain tissues (frontal cortices; superior frontal convolutions, basal ganglia; case 1, 2, 4, 5: coronal sections at the level of the mamillary bodies and the anterior nucleus of the thalamus, case 3: coronal sections at the level including the anterior commissure and the optic chiasm) were obtained from 5 unrelated patients with aceruloplasminemia (2 males, 3 females; mean The microvacuoles are seen in the second and third layers (A: case 1). The histological structure of the same region is preserved (B: case 1), and trivial iron deposition is observed (C: case 1). Severe ferric iron deposition is noted in the putamen (D: case 2), and a small amount of ferrous iron is seen (E: case 2). Alzheimer type 1 astrocytes that have abundant cytoplasm and prominent nuclei are seen in the caudate nucleus (F: case 5). The cytoplasm of abnormal astrocytes shows marked iron overload (G: case 1, caudate nucleus) and strong reactivity to anti-GFAP antibody (H: case 1, caudate nucleus). In the frontal cortex, the neuronal cytoplasm (arrows) reacts more strongly to anti-HNE antibody than astrocytic cytoplasm (arrowheads) (J: case 3, frontal cortex), while the opposite result occurs in the basal ganglia (K: case 3, putamen). Abnormal astrocytes react to the antibody as well (I, L: case 5, caudate nucleus). A, F: H&E stain. B: KB stain. C, D, G: Berlin blue stain. E: Turnbull blue stain. H: Immunostaining with anti-GFAP antibody. I-L: Immunostaining with anti-HNE antibody. Scale bars: A, C ϭ 500 m; D, E ϭ 100 m; E-L ϭ 50 m. age Ϯ SD: 60.0 Ϯ 3.3 yr). Four of 5 brains from the patients were formalin-fixed and paraffin-embedded. Formalin-fixed and glutaraldehyde-, paraformaldehyde-fixed brain samples were available for only 1 patient. Formalin-fixed and paraffin-embedded tissues of the frontal cortices and basal ganglia (5 patients) were subjected to histopathological and immunohistochemical studies, and the glutaraldehydeand paraformaldehyde-fixed putamen and thalamus (1 patient) were examined by electron microscopy.
The diagnoses were confirmed by gene analysis in all patients (13) (14) (15) (16) (17) . The clinical details and mutations in the ceruloplasmin gene were previously described (5) (6) (7) (13) (14) (15) (16) (17) (18) (19) (20) and are summarized in Table 1 . Two of the 5 patients had undergone previous neuropathologically examinations (6, 7). The control brains were obtained from 2 individuals (1 male, aged 67 yr and 1 female, aged 68 yr) who had no central nervous system diseases, and their neuropathological evaluations revealed only age-related changes.
Histochemistry
Sections from the frontal cortex and basal ganglia were cut at 4-m from formalin-fixed, paraffin-embedded blocks. These sections were stained with various methods, including hematoxylin and eosin (H&E), Klüver-Barrera (KB), Berlin blue, and Turnbull blue stains. Berlin blue staining was performed by Perls method using 20% hydrochloric acid solution and 10% potassium ferrocyanide solution, thereby allowing ferric iron detection. Turnbull blue staining was performed by modified Berlin blue method using 1% hydrochloric acid solution and 20% potassium ferricyanide solution to detect ferrous iron.
Immunohistochemistry
The sections were deparaffinized and hydrated through graded alcohols. These sections were first treated by microwave in 0.1 mol/l aqueous solution of sodium citrate, at pH 6.5. They were then incubated with 3% aqueous hydrogen peroxide (H 2 O 2 ) to remove endogenous peroxidase activity and 10% goat serum in phosphate buffered saline for 1 hour. Subsequently, the sections were incubated overnight at 4ЊC with one of the following primary antibodies: rabbit anti-GFAP (DAKO, Glostrup, Denmark; 1:100), rabbit anti-S-100 (DAKO, 1:500), mouse anti-neurofilament (DAKO, 1:100), rabbit anti-synaptophysin (DAKO, 1:100), rabbit anti-ubiquitin (DAKO; 1:100) or mouse anti-HNE (Wako Pure Chemicals, Osaka, Japan; 1:300). These incubations were followed by an incubation period with biotinylated anti-rabbit or anti-mouse IgG secondary antibody, streptavidin-HRP, and reacted with diaminobenzidine (0.3 mg/ ml) in 50 mM Tris buffer (pH 7.4) with 0.001% H 2 O 2 . Finally, the sections were lightly counterstained with hematoxylin. 
Electron Microscopy
The small pieces of tissue (putamen and thalamus) were obtained from only 1 patient (case 1) and fixed in 3% glutaraldehyde, 2% paraformaldehyde in 0.1 mol/l sodium cacodylate buffer (pH 7.4), post-fixed in 1% osmium tetroxide, and embedded in epoxy resin. Ultrathin sections stained with uranyl acetate and lead citrate were observed with a JEM-1200 electron microscope.
RESULTS
The frontal cortices show mild microvacuolation in the neuropil in the external granular and external pyramidal layers (except case 2), and the architectures of cortical lamellae are preserved in KB preparations in all patients (Fig. 1A, B) . Slight iron depositions are noted in the cortices in Berlin Blue preparations (Fig. 1C) . Iron deposition is mainly observed in astrocytes, especially in the perivascular region in all patients. The sections of the basal ganglia demonstrate marked iron deposition in Berlin blue preparations (Fig. 1D) , and small amounts of iron deposition in Turnbull blue preparations (Fig. 1E) . Cavitations are found in the caudate nucleus and/or the putamen in 2 patients. As in the frontal cortices, iron deposition is noted mainly on the astrocytes in the basal ganglia (Fig. 1G) . The histological findings are summarized in Table 2 .
Immunostaining with anti-HNE antibody shows markedly positive neurons and astrocytes in patients compared to controls. Anti-HNE antibody labels the neuronal cytoplasm more strongly than the astrocytic cytoplasm in the frontal cortices. However, in the basal ganglia, the cytoplasm of astrocytes is mainly detected (Fig. 1J, K) .
A striking neuropathological finding common to all patients is the presence of abnormally enlarged astrocytes and globular structures. Many astrocytes are enlarged up to 30 m in size with abundant cytoplasm and prominent nuclei in the basal ganglia. Some giant astrocytes with large lobulated nuclei (ϳ30 m in diameter), or 2 or 3 nuclei are observed in the caudate nucleus and putamen (Fig. 1F) . They fit the histological criteria for Alzheimer type 1 astrocytes. There are intermediate in forms between Alzheimer type 1 astrocytes and gemistocytic astrocytes. Alzheimer type 2 astrocytes are not identified. Immunostaining with anti-GFAP antibody shows strong signals within the cytoplasm and on the processes of giant astrocytes (Fig. 1H) . These astrocytes are also positive to anti-HNE antibody (Fig. 1I, L) and are not evident in the frontal cortices.
A number of globular structures are identified in the superficial layers of frontal cortex and in the caudate nucleus, putamen, and pallidum. These structures are seen in proportion to the degree of iron deposition. The globular structures vary in size from 10 m to 60 m in diameter. Many show the grumose internal structure and contain faintly eosinophilic materials ( Fig. 2A) , and some are siderous (Fig. 2B) . Immunohistochemically, many globular structures are positive to anti-GFAP antibody, though the reactivity is variable (Fig. 2C) . In some globular structures, only the peripheral region is stained with anti-GFAP antibody, while in other globular structures the whole body is diffusely stained. The globular structures also show immunoreactivity to anti-S-100 antibody (Fig. 2D) , but not to anti-neurofilament or anti-synaptophysin antibody (Fig. 2E, F) . Both anti-ubiquitin and anti-HNE antibodies react with almost all globular structures (Fig. 2G, H) . Under the electron microscope, the globular structures consist of a number of dense bodies of various shapes and sizes, and bundles of glial fibrillike filaments (Fig. 3A, B) . These filaments are observed along the outer rims and inside of globular structures (Fig. 3B) . The globular structures are not wrapped up by the myelin sheath and do not have synaptic contacts.
DISCUSSION
In the present study, we re-examined the frontal cortices and basal ganglia of 5 patients in more detail and identified a well-characterized lipid peroxide, HNE, by immunohistochemistry. The distribution pattern of iron deposition was essentially the same in all patients, while the degree of deposition varied among the patients ( Table  2 ). The results suggest that there is no correlation between the degree of iron overload and the duration after onset of neurological symptoms or clinical severity. This may be partially due to the fact that the therapeutic trials differed in these patients (6, 18, 19) . In addition to iron deposition and neuronal cell loss, the most characteristic histopathological findings commonly observed in all patients were abnormal astrocytes and globular structures. Both findings were more noticeable in the striatum than in the frontal cortex, indicating that these findings are tightly linked to iron overload.
Astrocytes undergo rapid cytoplasmic swelling in response to various types of brain injury (21) . The typical example of a swollen or hypertrophic astrocyte is known as a gemistocytic astrocyte, which is a type of reactive astrocyte and develops in response to various cytotoxic stimuli. Gemistocytic astrocytes have enlarged nuclei and abundant eosinophilic cytoplasm (21) . Alzheimer type 1 and 2 astrocytes are considered to be unique forms of reactive astrocytes; they have more severely enlarged or deformed nuclei than gemistocytic astrocytes (22) . The Alzheimer type 2 astrocytes are commonly seen in the brains of patients with chronic hepatic encephalopathy or in those with Wilson's disease. They have enlarged and pale watery nuclei. Lobulated or bean-shaped nuclei are found in severely affected cases. The perikarya and processes of Alzheimer type 2 astrocytes do not react with anti-GFAP antibody by immunostaining (22, 23) . In contrast to Alzheimer type 2 astrocytes, Alzheimer type 1 astrocytes are quite rare. They are characterized by large, multi-nucleated (frequently paired) or lobulated nuclei, and have cytoplasm and processes that are strongly stained with anti-GFAP antibody (23, 24) . According to the above criteria, markedly deformed astrocytes seen in the brains of aceruloplasminemia patients are considered to be Alzheimer type 1 astrocytes. The reason why this type of astrocyte appears in the brains of aceruloplasminemia patients is unclear, although this finding may be related to iron-induced tissue damage since these astrocytes were more frequently observed in the basal ganglia. We have identified GFAP as one of the proteins most severely modified by oxidative stress in the brain of an aceruloplasminemia patient (10) . Thus, it is likely that the oxidative stress caused by iron overload is involved in the deformity of astrocytes.
In this study, the globular structures contained glial fibril-like filaments and showed positive immunostaining with anti-GFAP and anti-S-100 antibodies, but not with anti-neurofilament and anti-synaptophysin antibodies. These results suggest that the structures seen in aceruloplasminemia are composed of substances mainly derived from astrocytes. Therefore, the globular structures differ from common spheroids, which are thought to be axonal swellings of neurons (25, 26) . In addition, the globular structures reacted with anti-HNE and anti-ubiquitin antibodies. Therefore, these structures include many oxidatively damaged and ubiquitin-conjugated proteins. Arai et al have described ''grumose or foamy spheroid bodies (GFSBs)'' as a new type of spheroid that contains astrocyte-derived substances (27) (28) (29) . By light microscopy, the internal structures of GFSBs are heterogenous, faintly eosinophilic and reactive with anti-GFAP antibody, and contain glial fibrils and astroglial bundles ultrastructurally. The globular structures described herein are quite similar to GFSBs, which have been observed in many neurodegenerative disorders, including neurodegeneration with brain iron accumulation type 1 (NBIA 1: Hallervorden-Spatz disease) (27) . Aceruloplasminemia is analogous to NBIA 1 in brain pathology since both show iron overload and spheroidal or globular structures (30) .
Lipid peroxides were noted to increase in patients with aceruloplasminemia (8, 9) . HNE is one of the most commonly used markers of lipid peroxidation (31) and mediates oxidative stress-induced neuronal apoptosis (32) . In all patients, a higher reactivity to anti-HNE antibody in the frontal cortex and basal ganglia was noted compared to controls. Interestingly, the HNE was mainly localized in neuronal cells in the frontal cortex, though the structure was preserved and iron deposition was trivial in the cortex. These facts suggest that oxidative stress is increased in the brains of aceruloplasminemia patients, even in the early stages.
In conclusion, astrocytic deformity and the presence of globular structures, as well as intracellular iron overload, are the neuropathological characteristics of aceruloplasminemia. Aceruloplasminemia is a rare disease; only 5 autopsy cases have been accumulated at present and all were used in the present study. However, this disease has attracted much attention because of the causative link of iron to oxidative stress and neurodegeneration. Our present study focused on the etiology of neuronal cell death induced by glial cell dysfunction in aceruloplasminemia.
